[1] In recent years it has become apparent that the ''cool tropic paradox'' of Paleogene and Cretaceous ''greenhouse'' climates arises because of the diagenetic alteration of tropical planktic foraminiferal calcite near the seafloor, yielding artificially high d O offsets between species in these frosty foraminiferal assemblages appear to be generally preserved, suggesting that frosty foraminifera remain valuable for generating relatively short (approximately 1 Myr) paleoceanographic time series that do not demand absolute estimates of paleotemperature. We also find that the observed increase in Mg/Ca for planktic foraminifera exhibiting diagenetic alteration (compared to glassy taphonomies) is far smaller than would be expected from the addition of inorganic calcite based on laboratory-derived Mg 2+ partition coefficients. Our findings imply that a much lower Mg 2+ partition coefficient controls inorganic calcite formation in deep sea sedimentary sections, in accordance with the findings of Baker et al. (1982) .
O offsets between species in these frosty foraminiferal assemblages appear to be generally preserved, suggesting that frosty foraminifera remain valuable for generating relatively short (approximately 1 Myr) paleoceanographic time series that do not demand absolute estimates of paleotemperature. We also find that the observed increase in Mg/Ca for planktic foraminifera exhibiting diagenetic alteration (compared to glassy taphonomies) is far smaller than would be expected from the addition of inorganic calcite based on laboratory-derived Mg 2+ partition coefficients. Our findings imply that a much lower Mg 2+ partition coefficient controls inorganic calcite formation in deep sea sedimentary sections, in accordance with the findings of Baker et al. (1982) .
1. Introduction
''Cool Tropic Paradox''
[2] Tectonically formulated models of the geochemical carbon cycle [Berner et al., 1983; Berner, 1994; Tajika, 1998; Berner and Kothavala, 2001; Wallmann, 2001] and numerical modeling experiments using General Circulation Models (GCMs) [Sloan and Barron, 1992; Barron et al., 1993; Sloan and Rea, 1996; Poulsen et al., 1999; Bice and Norris, 2002; Shellito et al., 2003] have long attributed Eocene and mid-Cretaceous climatic warmth to the presence of high partial pressures of radiatively important greenhouse gases, in particular CO 2 . The concept of Eocene and midCretaceous atmospheres with higher-than-modern concentrations of CO 2 ($2 to 6 times the preindustrial level) has received recent support from new indirect proxy methods for estimating atmospheric CO 2 concentrations [Ekart et al., 1999; Pearson and Palmer, 2000; Pagani et al., 2005; Haworth et al., 2005] . GCMs predict that ''greenhouse'' intervals of elevated atmospheric carbon dioxide should be characterized by increased surface temperatures across all latitudes [Bush and Philander, 1997; Sloan, 2000, 2001; Poulsen et al., 2001] . However, while reconstructions of Eocene and Cretaceous sea surface temperatures (SSTs) using d
18 O in planktic foraminiferal calcite have typically indicated high latitude temperatures that are substantially warmer (by 15 to 18°C) than modern [Stott et al., 1990; Barrera and Huber, 1991; Zachos et al., 1994; Huber et al., 1995] , tropical and subtropical reconstructions have traditionally yielded SSTs that are conspicuously cooler (by 2 to 15°C) than those of the modern low latitudes Savin, 1973, 1975; Savin, 1977; Shackleton and Boersma, 1981; Boersma et al., 1987; Horrell, 1990; Crowley, 1991; Barrera, 1994; Zachos et al., 1994; Bralower et al., 1995; Price et al., 1998; Wade and Kroon, 2002] . This apparent contradiction between GCM predictions and foraminiferal d
18 O-derived paleotemperatures was pointed out over 20 years ago [Manabe and Bryan, 1985] and has since become known as the ''cool tropic paradox '' [D'Hondt and Arthur, 1996] .
[3] Various explanations have been proposed to account for the cool tropic paradox (reviewed by Crowley and Zachos [2000] ), and these have now centered on possible deficiencies in tropical planktic foraminiferal d
18 O data. In particular, the role of diagenetic alteration in driving foraminiferal d
18 O toward higher values, and therefore artificially cool d
18 O-derived paleotemperatures, has received renewed interest in recent years [e.g., Schrag et al., 1995; Wilson and Opdyke, 1996; Norris and Wilson, 1998; Wilson and Norris, 2001; Pearson et al., 2001; Norris et al., 2002; Wilson et al., 2002] . Diagenetic alteration has been shown to occur predominantly at an early stage during shallow burial and, as a result of the paleoceanographic strategy of drilling unusually shallowly buried sections, with minimal influence of pore fluid chemistry [Rudnicki et al., 2001] . With the advent of Mg/Ca as an independent proxy for paleotemperature, it is now possible to tackle the cool tropic paradox from a new perspective. Additionally, recent discoveries of exceptionally well preserved fossil foraminiferal calcite, combined with arrays of ''typical'' fossil foraminiferal assemblages from several decades of deep ocean drilling, offer an opportunity to examine the microstructural and geochemical nature of diagenetic alteration in foraminiferal calcite.
Mg/Ca in Foraminiferal Calcite
[4] As an independent paleotemperature proxy, Mg/Ca in planktic foraminiferal calcite might seem an obvious tool with which to attempt to tackle the cool tropic paradox. Indeed, reconstruction of Eocene tropical SSTs using planktic foraminiferal Mg/Ca has recently been attempted [Tripati et al., 2003; Zachos et al., 2003] . However, as for d
18
O, interpretation of Mg/Ca-derived paleotemperatures is also complicated by post-depositional diagenesis. Mg/Ca in core top planktic foraminifera has been shown to be lowered through preferential removal of Mg 2+ during early stage dissolution [Brown and Elderfield, 1996; Lea et al., 2000; Rosenthal et al., 2000; Dekens et al., 2002] . However, it is the addition of secondary inorganic calcite to the foraminiferal test that has the greatest potential to change primary foraminiferal Mg/Ca values. This is because partition coefficients for
Mg
2+ between seawater and calcite (D Mg ) calculated from laboratory experiments [Winland, 1969; Katz, 1973; Mucci and Morse, 1983; Mucci, 1987; Oomori et al., 1987] , predict that inorganic diagenetic calcite contains much more Mg 2+ than primary biogenic foraminiferal calcite (over an order of magnitude more Mg 2+ in inorganic calcite). The end-member Mg/Ca compositions of foraminiferal and inorganic calcite should therefore be quite different. D Mg is represented by
where ''(Mg/Ca) fl '' and ''(Mg/Ca) s '' are the respective Mg/Ca compositions of the fluid from which the calcite precipitates and the solid calcite itself. The potential sensitivity of foraminiferal Mg/ Ca to the addition of inorganic calcite presents both a hazard (to the generation of reliable down core records) and an opportunity (in theory Mg/Ca measurements should be a sensitive way to assess the addition of diagenetic calcite).
Approach
[5] Here we adopt a dual approach to assess the extent of diagenetic alteration of fossil planktic foraminiferal tests. We use Scanning Electron Microscope (SEM) imaging to examine the microstructural details of planktic foraminifera and d 18 O and Mg/Ca analyses to elucidate the effects of the observed diagenetic alteration on geochemical proxies for paleotemperature. We present multispecies data for eight samples from Eocene drill sites with tropical and subtropical locations hosting foraminifera with two distinctly different taphonomies: ''glassy'' and ''frosty'' (see section 2). One method for developing a more quantitative estimate of the extent of diagenetic alteration is to compare the geochemical compositions of secondary inorganic calcite and primary biogenic calcite. With information on the overall geochemical composition of the diagenetically altered whole foraminiferal test, the relative contributions of both of these two calcite sources can then be estimated by mixing ratios. There is great potential for application of ion probe or laser ablation mass spectrometric techniques to derive the end-member composition of secondary inorganic calcite [e.g., Allison and Austin, 2003; Eggins et al., 2003; Hathorne et al., 2003; Reichart et al., 2003] 
Diagenesis of Foraminiferal Calcite: Terminology
[6] A distinction must be made between different styles of diagenetic alteration. We advocate the use of more specific terminology to describe the various distinct styles of diagenetic alteration, such as that introduced by Folk [1965] . The term ''neomorphism'' describes the process of replacement of a particular mineral (e.g., biogenic calcite) by the same mineral but with different crystal form (e.g., inorganic calcite). The term ''recrystallization'' was first used in relation to carbonates to describe this process [Sorby, 1879] . However, here we choose to use the term ''neomorphism'' for clarity because ''recrystallization'' is often used loosely in the micropaleontological and paleoceanographic literature to describe all forms of diagenetic alteration of biogenic calcite. A second conspicuous diagenetic process in carbonates is the addition of new inorganic calcite, which can be defined by the term ''cementation.'' Growth of inorganic calcite crystals during cementation can occur across a spectrum of crystal sizes, from micron-scale rhombs of inorganic calcite, or ''overgrowths,'' to much largerscale ''infilling'' of foraminiferal chambers.
[7] Living non-encrusting planktic foraminifera are translucent (''glassy''), whereas fossil planktic foraminifera typically have a ''frosty'' appearance. It has been suggested that the absence of a glassy appearance in fossil foraminiferal tests is likely a consequence of diagenetic alteration at the micronscale [Pearson et al., 2001] . The nature of this alteration becomes abundantly clear in detailed SEM images (Figure 1 ; see ''enhanced'' highresolution figure in the HTML version). These images show extensive micron-scale cemented overgrowths covering the test. Additionally, diagenetic alteration of foraminiferal tests may involve neomorphism of primary biogenic calcite. The presence of overgrowths and/or neomorphic calcite are impossible to see directly under the binocular microscope. Foraminifera altered in this manner commonly retain microstructural features such as wall pores and surface ornamentation, and this fact has led many workers to assume that frosty material such as that shown in Figure 1 is ''well preserved.'' However, evidence has been mounting that casts doubt on this assertion. Specifically, the translucent, ''glassy'' appearance (similar to modern living foraminifera) of Cretaceous and Eocene planktic foraminifera recovered from hemipelagic clay-rich sediments [Norris and Wilson, 1998; Wilson and Norris, 2001; Pearson et al., 2001; Norris et al., 2002; Wilson et al., 2002] supports the view that much of the frosty material is, in fact, significantly altered. The terms ''glassy'' and ''frosty'' imply two end-member taphonomies, but in reality there is probably a continuum of intermediate states of preservation in between. Additionally, foraminiferal calcite that we describe here as ''frosty'' has undergone relatively modest diagenetic alteration while material that has progressed further through the alteration process could be described as ''chalky.''
[8] The exceptional preservation of foraminiferal tests from ''hemipelagic'' clay-rich settings (hereafter synonymous with ''glassy'' taphonomy) has been attributed to the impermeable nature of the clay-rich sediments preventing interaction of the foraminiferal calcite with surrounding pore waters [Norris and Wilson, 1998; Wilson and Norris, 2001; Pearson et al., 2001; Wilson et al., 2002] . In contrast, the more permeable sediments of ''typical pelagic'' open ocean settings (hereafter synonymous with ''frosty'' taphonomy) apparently lead to poorer preservation because of greater chemical interaction between foraminiferal calcite and pore waters. Despite the well-preserved nature of foraminiferal calcite from hemipelagic settings, these locations are, by their nature, toward the Figure 1 . Detailed images of the wall textures of ''frosty'' middle Eocene planktic foraminifera from ''typical pelagic'' ODP drill sites. ''Frosty'' denotes their appearance when viewed using a binocular microscope and contrasts with exceptionally well preserved foraminifera that appear ''glassy.'' Images of these frosty foraminifera reveal an abundance of micron-scale cemented overgrowths covering the tests. These micron-scale overgrowths are impossible to see directly under the binocular microscope. Images 1 and 2 are from ODP Site 1052; images 3 and 4 are from ODP Site 865. All specimens are from biozone E13 ($39 Ma). Samples studied are as follows: 1, 1052B 10H-2, 133 -136 cm; 2, ODP 1052B, 11H-4, 3 -6 cm; 3 and 4, ODP 865, 4H-4, 110-112 cm. Image 1 is also reproduced as Figure 2g of Pearson et al. [2001] . All scale bars are 10 mm. Also available online as an ''enhanced'' high-resolution figure in the HTML version. 
Site Locations and Stratigraphies
[9] Data are presented from two time slices within the middle Eocene: planktic foraminiferal biozones E9 (= P11 using ''P'' zonation) ($45 Ma) and E13 (= P14/lower P15 using ''P'' zonation) ($39 Ma) (Figure 2a ), using four different samples within each biozone. We use the new Eocene planktic foraminifer zonation (''E'' zones) of Berggren and Pearson [2005] but provide correlation to the ''P'' zones of Berggren et al. [1995] for continuity. Samples are from various Deep Sea Drilling Project (DSDP), Ocean Drilling Program (ODP) and other drill sites (Table 1 and Figure 2b ). Data are presented from hemipelagic, clay-rich sites hosting extremely well preserved ''glassy'' planktic foraminifera and from so-called ''typical pelagic,'' carbonate-rich depositional settings hosting planktic foraminifera with a ''frosty'' taphonomy.
[10] Ideally, an experiment designed to test the effect of diagenesis on geochemical signatures in [1995] ). New biozonation scheme using ''E'' zones is from Berggren and Pearson [2005] , while that using ''P'' zones is from Berggren et al. [1995] . Gray shading shows the stratigraphic positions of the two middle Eocene time slices studied (planktic foraminiferal biozones E9 and E13 Instead, the use of multiple sites (with contrasting taphonomies) demands that a balance must be made between the desire to document variability across the spectrum of planktic foraminiferal taphonomy and the desire to restrict the sites used to as narrow a latitudinal band as possible to minimize inter-site differences in surface ocean paleotemperatures that affect primary d 18 O and Mg/Ca signals. Because of the relatively poor spatial density of drill sites in the Eocene, sites are chosen with paleolatitudes between $30°north or south of the paleoequator for both time slices (with the exception of one site located at 42°N). Nevertheless, two of the four samples from late middle Eocene biozone E13 were chosen because they contained contrasting planktic foraminiferal taphonomies (as identified under reflected light) at a single site (ODP Site 1052, Hole F = taphonomically similar to other frosty material analyzed here; Site 1052, Hole B = noticeably poorer state of preservation). However, comparing their constituent foraminifera visually (in detail using SEM imaging) and geochemically (d 18 O and Mg/Ca) did not reveal any significant differences.
Methods
[11] Sediment samples ($20 cc volume) were disaggregated by soaking in deionized water for 30 min and wet-sieving through a 63 mm mesh. Foraminifera were picked from narrow ( 50 mm) size fractions within the 212-400 mm size range. Scanning electron micrographs were generated using a Leo 1450VP (variable pressure) digital SEM fitted with a tungsten filament. Prior to SEM analysis, foraminiferal specimens were gold coated. Gold coating optimizes the backscattering of secondary electrons from the sample, providing better topographic imaging. Occasionally, foraminiferal specimens exhibited ''charging,'' the generation of an excessively bright image. Interestingly, charging was more common in material with a poorer state of preservation.
[12] Stable isotope ratios were analyzed for monospecific samples using a Europa Geo 20-20 mass spectrometer equipped with a ''CAPS'' automatic carbonate preparation system. Between 6 and 14 specimens were analyzed from the relevant size fraction after cleaning ultrasonically in deionized water. Results are reported relative to the Vienna Peedee Belemnite standard (VPDB). Standard external analytical precision, based on replicate analysis of in-house standards calibrated to NBS-19, is better than ±0.08% for d
18
O and d 13 C.
[13] Foraminiferal tests analyzed for trace metal contents require rigorous cleaning prior to analysis to remove contaminants. Before cleaning, picked foraminiferal tests were gently broken open between two glass plates. Foraminiferal tests were then cleaned using a protocol similar to that of Boyle and Keigwin [1985] but with the reductive cleaning step (designed to remove any metal oxide coatings) omitted. This latter step was omitted on the grounds that metal oxide coatings are thought not to be a major source of Mg 2+ contaminant and the reducing reagent is corrosive to carbonate, causing partial dissolution of the sample. Samples cleaned by protocols including the reductive step yield consistently lower Mg/Ca values (by an average 15%) than those cleaned by protocols omitting this step [Barker et al., 2003] . Because the effect of partial dissolution on foraminiferal calcite is known to lower Mg/Ca ratios [Brown and Elderfield, 1996; Rosenthal et al., 2000; Dekens et al., 2002] , it is therefore uncertain as to whether the lower Mg/Ca ratios in samples cleaned using the reductive step arise from removal of Mg 2+ adhering to metal oxides or from partial dissolution of biogenic calcite. Therefore, because one key aspect of this study is to determine Mg/Ca values of foraminifera displaying different preservation states, we chose to omit this reductive step. The modified cleaning method employed here removes clays and organic matter with a final weak acid ''polish'' to remove any re-adsorbed contaminants. Foraminiferal samples were analyzed using a Perkin Elmer Optima 4300DV Inductively Coupled Plasma -Optical Emission Spectrometer (ICP-OES). External precisions of better than 0.21% (1s) are obtained for Mg/ Ca from dilute solutions containing between 1 and 5 ppm Ca 2+ [e.g., Green et al., 2003] .
Middle Eocene Planktic
Foraminiferal Taphonomy: Microstructure
Whole Test Taphonomy
[14] Figures 3 and 4 illustrate a selection of the planktic foraminiferal faunas from the eight samples within biozones E9 and E13. The species illustrated here do not represent all of those analyzed for their stable isotope or trace element compositions (section 6), but are simply the species common to all drill sites within each biozone. The planktic foraminifera recovered at all sites are broadly typical for contemporaneous tropical and subtropical faunas of the middle Eocene. We base our taxonomy on a new taxonomic atlas that revises the synonymy, diagnosis and description of Eocene planktic foraminifera . Additionally, several previously unidentified species are found at some of the sites, in particular those from late middle Eocene biozone E13 (see Sexton [2005] and Sexton et al. [2006] for taxonomic discussions).
[15] When viewed under the light microscope, the difference in appearance between tests from hemipelagic settings and those from typical pelagic settings is particularly striking; hemipelagic foraminifera (Istra More 5 and TDP 2) have a ''glassy'' appearance, in contrast to typical pelagic foraminifera (the various DSDP and ODP Sites), which appear ''frosty.'' The better preservation of the glassy planktic foraminiferal tests from the Istra More 5 and TDP 2 hemipelagic drill sites is also evident from the SEM images (Figures 3 and 4 ; see ''enhanced'' high-resolution figures in the HTML version). This disparity in preservation is illustrated by the fact that the pores of glassy individuals from the two hemipelagic sites ( Figure [16] A ''peeling'' effect is also evident in some frosty specimens, and is most marked in species of Turborotalia (Figure 4 , T. pomeroli/T. cerroazulensis from ODP 865, 1052F and 1052B). This peeling phenomenon (see Hemleben and Olsson [2006] for further discussion) is characterized by removal of the outer surface of the test, obliterating the original pore structure and exposing the earlier wall layers which have less topographic relief. Peeling is a mechanical phenomenon, possibly occurring during sample washing, but appears to be most problematic in material weakened by dissolution. . These overgrowths are micron-scale rounded crystallites that frequently obscure the original surface wall texture seen in the glassy hemipelagic material. Larger ($4 to 10 mm), coarser crystallites occur on the inter-pore ridges of some frosty individuals (e.g., Figure 5 , panels 3, 7, 12, 20; Figure 6, panels 7, 11, 12, 14, 18, 22, 26, 30, 32 ; indicated by arrows). These coarser crystallites form accentuated blade-like ''towers'' on specimens of A. mcgowrani and A. matthewsae from biozone E9 ( Figure 5 , panels 2 and 8; indicated by arrows). These towers appear to be diagenetically altered ''muricae'' (delicate biogenic pustulose projections) that characterize species from the genus Acarinina. It is possible that the raised inter-pore ridges may serve as focal points for cementation, as may the biogenic muricae of A. mcgowrani and A. matthewsae. Support for this idea is provided by the absence of delicate biogenic muricae on glassy specimens of A. mcgowrani and A. matthewsae at the hemipelagic sites, as revealed Figure 3 . Planktic foraminiferal fauna from biozone E9 ($45 Ma). The five species that were present at all four sites (TDP 2, DSDP 94, DSDP 523, and ODP 865) are shown here. Samples studied are as follows: TDP 2, 15-CC; DSDP 94, 18-1, 50-52 cm; DSDP 523, 44-2, 2-4 cm; ODP 865, 8H-1, 60-62 cm. The overall better preservation of the glassy planktic foraminiferal tests from the hemipelagic TDP 2 drill site is evident from these images. All scale bars are 100 mm. A., Acarinina; Gt., Globigerinatheka; S., Subbotina. Also available online as an ''enhanced'' highresolution figure in the HTML version. by their stubby, broken stumps ( Figure 5 , panels 1 and 5; Figure 6 , panel 1; indicated by arrows). It is likely that the absence of these delicate projections in glassy material is caused by a mechanical process, probably sample washing.
Wall Surface Textures

Wall Cross Sections
[18] Planktic foraminiferal wall cross sections are examined for two species within each biozone. A mixed layer dweller and a deeper thermocline dweller are chosen to provide a contrast in depth habitats and therefore also in the environment within which the primary calcite was secreted; A. mcgowrani represents a mixed layer species in both biozones, while S. crociapertura (biozone E9) and S. linaperta (biozone E13) calcified in the lower thermocline [Pearson et al., 1993 [Pearson et al., , 2001 Sexton et al., 2006] . The SEM images of test wall cross sections in glassy material from TDP 2 and The overall better preservation of the glassy planktic foraminiferal tests from the hemipelagic Istra More 5 drill site is evident from these images. All scale bars are 100 mm. A., Acarinina; T., Turborotalia; Gk., Globigerinatheka; D., Dentoglobigerina; S., Subbotina; C., Catapsydrax; P., Parasubbotina. Also available online as an ''enhanced'' high-resolution figure in the HTML version. [19] The presence of micron-scale overgrowths evident in the wall surface texture images of frosty foraminifera from DSDP and ODP ''typical pelagic'' material ( Figures 5 and 6 ) is also clearly seen in their respective wall cross sections (Figures 7 and 8 ).
In these wall cross sections, because some of these ''overgrowths'' are present on the broken surfaces of the test (instead of on the sides of the hollow pore pits), they may in fact be neomorphic in origin. Where these overgrowths/neomorphic calcite are pervasive they obscure the relief of the vertical pore pits. Despite this, the site of initial Figure 5. Detailed images of the wall textures of the same planktic foraminiferal specimens from biozone E9 as displayed in Figure 3 . The very well preserved, unaltered surface texture in the glassy specimens from hemipelagic site TDP 2 is evident. By contrast, however, the same respective species found in the ''typical pelagic'' DSDP and ODP drill sites display varying amounts of secondary calcite covering their walls. All scale bars are 10 mm. Also available online as an ''enhanced'' high-resolution figure in the HTML version. calcification is often still discernible in frosty material (e.g., Figure 7 , panel 2; Figure 8 , panel 2; indicated by arrows). Another feature of these diagenetically altered foraminifera that suggests the presence of neomorphic calcite (and/or dissolution) is the ''weathered,'' ''melted'' appearance of the pore walls in cross section (Figure 7 , panels 3 and 8; Figure 8 , panels 3, 6, and 7). [Fairbanks et al., 1980 [Fairbanks et al., , 1982 . In contrast, foraminiferal d
13
C decreases with depth because of the preferential uptake of 12 CO 2 during photosynthesis in the surface euphotic zone and its subsequent remineralization back into the SCO 2 pool by respiration at depth. This basic pattern in foraminiferal d
18 O and d 13 C with water column depth facilitates the reconstruction of fossil foraminiferal depth habitats based on the relative stable isotope offsets between species in an assemblage [see Spero, 1998; Pearson, 1998; Pearson et al., 2001 , Figure 1] . However, d
18 O and d 13 C values can be offset from ''equilibrium'' with ambient seawater by the effect on isotope fractionation of environmental parameters such as [CO 3 2À ] and pH [Spero et al., 1997; Zeebe, 1999] or physiological processes such as symbiont photosynthesis or foraminiferal respiration [Spero and Williams, 1989; Spero et al., 1991; Spero and Lea, 1993, 1996] . Although the combined effect of physiologically driven disequilibrium d 13 C fractionation in planktic foraminifera probably attenuates the inferred gradient of upper water column d 13 C of SCO 2 [Ortiz et al., 1996] , it appears that the combined effect of these ''disequilibrium'' processes generally has less of an effect on foraminiferal calcite d [Ortiz et al., 1996] .
[21] For each drill site in each biozone, all planktic foraminiferal species that were sufficiently abundant were analyzed for d
18 O and d 13 C. Data are shown as stable isotope crossplots for biozones E9 ( Figure 9 ) and E13 ( Figure 10 ). The inferred relative depth stratification of the planktic foraminifera is consistent with the conclusions drawn from a variety of other Eocene studies [Poore and Matthews, 1984; Shackleton et al., 1985; Boersma et al., 1987 , Stott et al., 1990 Pearson et al., 1993 Pearson et al., , 2001 Coxall et al., 2000; Sexton et al., 2006] . Figures 9 and 10 show that within each biozone, given species of frosty planktic foraminifera from typical pelagic sites (black framed plots) display similar d
18 O values. However, within each biozone, the absolute d
18 O values of these frosty species are offset to higher values compared to those same (glassy) species from the corresponding hemipelagic sites (TDP 2 and Istra More 5; red framed plots).
[22] This intraspecies d
18 O offset between drill sites appears to be relatively constant; within biozone E9, d
18 O values for species from the three typical pelagic samples are consistently about 2.0% higher compared to those same species from the hemipelagic sample (TDP 2). Similarly, within biozone E13, species in the three typical pelagic samples register d
18
O values approximately 1.2% higher than those same species from the hemipelagic sample (Istra More 5). In light of the SEM evidence showing pervasive diagenetic alteration (Figures 5 to 8) , the most plausible explanation for the relatively large and consistent d 18 O Figure 7 . Detailed images of the wall cross sections of two planktic foraminiferal species (A. mcgowrani, a mixed layer dweller, and S. crociapertura, a deeper thermocline dweller) from biozone E9. Foraminifera were taken from the same samples as those used for Figures 3 and 5. The broken glassy tests from TDP 2 display the microgranular texture that is characteristic of biogenic calcite in Recent planktic foraminifera. Micron-scale diagenetic alteration in the broken frosty tests from ''typical pelagic'' DSDP and ODP drill sites is evident, even obscuring the relief of the vertical pore pits in some cases. All scale bars are 10 mm. Also available online as an ''enhanced'' high-resolution figure in the HTML version. offset toward higher values for frosty specimens from typical pelagic samples is incorporation of diagenetic calcite onto or within the foraminiferal test at the low temperatures of the seafloor. These d 18 O offsets ($2.0% (biozone E9) and $1.2% (biozone E13)) between diagenetically altered planktic foraminifera and glassy foraminifera are consistent with the predictions of numerical modeling experiments [Schrag et al., 1995; Schrag, 1999] .
[23] It is notable that we find no significant differences between glassy and frosty foraminiferal calcite for either the absolute d
13 C values of individual species or the range of d
13 C values across whole assemblages (Figures 9 and 10) . It therefore appears that d 
Mg/Ca Data
[24] d 13 C signals in carbonates are generally thought to be less susceptible to diagenetic alteration [Scholle and Arthur, 1980; Veizer et al., 1999] , because of the buffering effect on pore fluids of the large sedimentary carbonate reservoir. Indeed, this supposition agrees with our data that indicate no significant differences between d
13 C values of glassy and frosty foraminiferal assemblages. It is therefore informative to plot both d 18 O and Mg/Ca against d 13 C in order to examine contrasting responses to diagenetic alteration in the two former proxies. The relationship between planktic foraminiferal Mg/Ca and d
13
C is shown for all eight samples within biozones E9 and E13 (Figures 9 and 10 , respectively).
[25] The most notable feature of the planktic foraminiferal Mg/Ca data is that, with one exception (Globigerinatheka spp.), Mg/Ca in exceptionally well preserved glassy material from hemipelagic sites TDP 2 (Figure 9b ) and Istra More 5 (Figure 10b ) yield similar relative depth rankings to those inferred from d 18 O data (Figures 9a and 10a ). This suggests that both the Mg/Ca and d
18 O signatures in these glassy planktic foraminifera are unaltered and that Mg/Ca ratios in Eocene planktic foraminiferal calcite do record paleotemperature information.
[26] A second feature of the data is that for some typical pelagic samples a disagreement exists between relative depth orderings of frosty assemblages inferred from d
18 O and Mg/Ca data. For example, at DSDP Site 523 the relative species ordering based on Mg/Ca (Figure 9d ) is quite different from that inferred from d
18 O (Figure 9c ). In fact, at ODP Site 865 in biozone E9, the relative species ordering based on Mg/Ca (Figure 9h ) is almost the reverse of that inferred from d
18 O (Figure 9g) . In some frosty, diagenetically altered samples from typical pelagic sites, Mg/Ca and d
18 O in certain planktic foraminiferal species therefore appear to display different geochemical behavior during diagenetic alteration. This finding suggests that paleotemperature interpretations of Mg/Ca in frosty planktic foraminiferal calcite are not straightforward.
[27] The third feature of the planktic foraminiferal Mg/Ca data is that, in general, species with frosty taphonomies register marginally higher Mg/Ca than corresponding species with glassy taphonomies (Figures 9 and 10) . However, this intraspecies Mg/Ca offset (frosty versus glassy) is more variable than the intraspecies offsets seen in d 18 O. Considering the visual (Figures 1 and 3-8 Table 2 ). Therefore the presence of even a small volume of secondary inorganic calcite in diagenetically altered foraminifera would be expected to elevate mean foraminiferal test Mg/Ca to values greatly exceeding those from contemporaneous unaltered glassy foraminifera. Yet we observe only a marginal increase in Mg/Ca of diagenetically altered foraminifera. This apparent inconsistency can be explained in a number of ways: Figure 8 . Detailed images of the wall cross sections of two planktic foraminiferal species (A. mcgowrani, a mixed layer dweller, and S. linaperta, a deeper thermocline dweller) from biozone E13. Foraminifera were taken from the same samples as those used for Figures 4 and 6. The broken glassy tests from Istra More 5 display the microgranular texture that is characteristic of biogenic calcite in Recent planktic foraminifera. Micron-scale diagenetic alteration in the broken frosty tests from ''typical pelagic'' DSDP and ODP drill sites is evident, even obscuring the relief of the vertical pore pits in some cases. All scale bars are 10 mm. Also available online as an ''enhanced'' high-resolution figure in the HTML version. [30] 3. d 18 O and Mg/Ca respond differently to the ''openness'' of the diagenetic system in which inorganic calcite precipitation occurs, or to the mode of diagenetic alteration (neomorphism, infilling, overgrowths).
[31] 4. SEM and d
18 O evidence in favor of extensive alteration of frosty foraminiferal calcite is O and frequently slightly higher Mg/Ca than given species from the hemipelagic sample. Black symbols are data from benthic foraminifera. (1) for definition of D Mg . Calculations of D Mg for Recent (core tops and sediment traps) planktic foraminifera are based on calcite secretion at temperatures similar to those used in the laboratory experiments for inorganic calcite (i.e., $25°C). D Mg calculated here for Recent planktic foraminifera use a modern seawater Mg/Ca molar ratio of 5.1. 2006GC001291 valid, but D Mg for inorganic calcite in deep sea sedimentary sections is significantly lower than suggested by laboratory experiments (and much closer to that estimated by Baker et al. [1982] , based on chemical analyses of diagenetic carbonates and their associated pore waters in deep ocean drill sites; Table 2 ).
Geochemistry Geophysics
[32] Explanation 1 is considered extremely unlikely, given the wide geographical distribution of the typical pelagic sites (Figure 2b) , and the sensitivity of planktic foraminiferal Mg/Ca to diagenetic alteration documented for the Pleistocene to Recent [Brown and Elderfield, 1996; Lea et al., 2000; Rosenthal et al., 2000; Dekens et al., 2002] . Explanation 2 requires that the total mass of inorganic calcite on frosty tests must be extremely small in comparison to the total mass of unaltered primary biogenic calcite comprising the test (despite being inconsistent with the visual evidence for pervasive alteration throughout the test, section 5.3, Figures 7 and 8 ). Thus mean test Mg/Ca is only slightly increased by the addition of relatively minor amounts of secondary inorganic calcite. However, if this is correct, the significantly higher d 18 O values in frosty calcite imply that we do not understand the process of calcite d
18
O alteration during diagenesis. Explanations 3 and 4 are our favored interpretations. Explanation 3 may be at least partly valid, but unfortunately there are at present no data with which to test this hypothesis. With regard to explanation 4, the only geological study to estimate D Mg in a deep sea sedimentary section based on geochemical data arrives at a value for D Mg that is more than one order of magnitude lower ($0.0008 at $5°C [Baker et al., 1982] ) than that derived in laboratory experiments (e.g., $0.0121 at $5°C [Mucci, 1987] ) (see Table 2 ). Addition of even significant amounts of inorganic calcite with a relatively low D Mg [e.g., Baker et al., 1982] would thereby cause only a relatively small increase in Mg/Ca of the diagnetically altered foraminiferal test. Figure 11 shows Mg/Caderived (red symbols) and d
Impact of Diagenesis on Multiproxy SST Estimates
18 O-derived (blue symbols) paleotemperatures for all analyzed species within all four samples in each biozone. Paleotemperatures from the hemipelagic sites, hosting glassy planktic foraminifera showing no obvious signs of diagenetic alteration, should provide reliable paleotemperature estimates for biozones E9 and E13, against which we compare paleotemperature estimates from the other sites hosting frosty foraminiferal calcite.
[34] Surface dwelling planktic foraminifera from the glassy hemipelagic material in biozone E9 (TDP 2; $45 Ma) yield maximum Mg/Ca-derived SSTs of 30°C (assuming modern Mg/Ca w of 5.1 mol/mol, vertical red line, Figure 11 ). Accounting for secular change in Mg/Ca w since the middle Eocene (Mg/Ca w assumptions of 4.1 [Lear et al., 2002] , 3.1 (mean ratio from fluid inclusions [Zimmermann, 2000; Lowenstein et al., 2001] ), and 1.6 mol/mol [Hardie, 1996] ) yields even warmer Mg/Ca-derived SSTs of 32°C, 35°C, and 43°C, respectively. All these SST estimates are significantly higher than modern (for the same latitude), and support the concept of a ''greenhouse''-driven climate during the early middle Eocene. However, SSTs of 43°C (assuming Mg/Ca w = 1.6 mol/mol [Hardie, 1996] ) are unrealistically warm (compared to existing middle Eocene data), and instead imply that early middle Eocene Mg/Ca w likely lay within the range of 5.1 to 3.1 mol/mol.
[35] For biozone E9, d
18 O-derived SSTs using an assumption for middle Eocene d
18
O w of À1.0% (approximating an ice-free planet [Lear et al., 2000; Zachos et al., 2001] ) yields SSTs that are cooler (by at least 5°C) than all Mg/Ca-derived estimates. Even with a higher d
O w of À0.5% (although probably an overestimate [Lear et al., 2000; Zachos et al., 2001] ; vertical dashed blue line, Figure 11 ), SSTs still do not quite approach those of even the coolest Mg/Ca-derived estimates. For late middle Eocene biozone E13 ($39 Ma) Mg/Ca-derived SSTs for the hemipelagic site hosting glassy foraminifera (Istra More 5) are slightly cooler (reaching 27°C with modern Mg/Ca w ; red line, Figure 11) (Figure 11 ). Inferred tropical to subtropical SSTs of 16 to 20°C for these typical pelagic sites are cool for the middle Eocene and, when considered in light of the SEM imaging evidence for diagenetic alteration (Figures 1 and  3-8 ), past practice of using frosty, diagenetically altered material such as this is the likely explanation for the ''cool tropic paradox.'' Conversely, the marginally higher Mg/Ca-derived paleotemperatures for frosty calcite (compared to glassy hemipelagic calcite) are difficult to interpret in terms of substantial addition of inorganic calcite with a relatively high D Mg . This discrepancy may be resolved by invoking a much lower D Mg for inorganic calcite, one that is more in line with the estimate of Baker et al. [1982] (Table 2 ).
Toward Quantifying the Extent of Foraminiferal Diagenetic Alteration
[37] Greater understanding of the respective geochemical compositions of inorganic and biogenic calcite is required if we are to gain more quantitative estimates of the relative contributions of each to the diagenetically altered foraminiferal test. However, few data are available on the geochemical composition of inorganic calcite in pelagic sedimentary sequences. This situation is partly a result of the often very small size (on the order of microns) of secondary inorganic calcite crystals, frequently growing on or within the fossil tests or plates of calcifying organisms which serve as crystallization nuclei. Here we calculate the down core Mg/Ca composition of secondary inorganic calcite at Site 1052 using pore fluid [Mg 2+ ] and [Ca 2+ ] data measured at this site ] and by making assumptions concerning the factors influencing the Mg/Ca composition of inorganic calcite. The resultant calculations produce a range of estimates for the Mg/Ca composition of secondary inorganic calcite that have implications for the extent of diagenetic geochemical alteration of planktic foraminifera hosted in this sedimentary sequence.
[38] Rearranging equation (1), the Mg/Ca composition of inorganic calcite is given by
We calculate down core values of inorganic calcite (Mg/Ca) s at Site 1052 (shown in Figure 12 ), using the two contrasting estimates of D Mg from Table 2 [ Mucci, 1987; Baker et al., 1982] . Using in situ pore fluid Mg/Ca data from ODP Site 1052 to represent (Mg/Ca) fl is an oversimplification because it assumes that crystal growth of inorganic calcite occurred from pore fluids with a similar composition to the modern pore fluid profile [e.g., Rudnicki et al., 2001] . However, because the pore fluid gradients are so gentle, even if most crystal growth occurred at the seafloor or during very shallow burial, the differential effect on (Mg/Ca) s will be small.
[39] Figure 12 Bemis et al. [1998] . The scenarios for middle Eocene Mg/Ca w are molar ratios of 4.1 [Lear et al., 2002] , 3.1 (mean ratio from fluid inclusions [Zimmermann, 2000; Lowenstein et al., 2001] ), and 1.6 [Hardie, 1996] at $49 Ma. Given species with frosty taphonomies from ''typical pelagic'' samples (black framed plots) record marginally higher Mg/Ca-derived paleotemperatures for given seawater Mg/Ca scenarios compared to hemipelagic samples (red framed plots). Given species from ''typical pelagic'' samples also record consistently lower d
18
O-derived paleotemperatures. ]. Inorganic calcite Mg/Ca is calculated using two different values for D Mg : a laboratory-based value [Mucci, 1987] (solid lines) and one calculated from a deep ocean sedimentary section [Baker et al., 1982] (dashed lines). An exponential fit was applied to the Mucci [1987] D Mg -temperature data (comprising estimates of D Mg at 5, 25, and 40°C). Because the Baker et al. [1982] data comprise only a single estimate for D Mg (at 5°C), the same exponential relationship seen in the Mucci [1987] data was applied to the Baker et al. [1982] data. The decrease in inorganic calcite Mg/Ca with depth seen for the Mucci [1987] D Mg curves reflects the net dominance of decreasing pore fluid Mg/Ca over the geothermal temperature increase. Conversely, the slight increase in inorganic calcite Mg/Ca with depth seen for the Baker et al. [1982] D Mg curves arises because the absolute value for D Mg used in their construction is so low (see Table 2 ). Consequently, the temperature-related proportional increase in D Mg with depth (driven by the geothermal gradient) is greater than the proportional decrease in pore fluid Mg/Ca (itself a function of the gentle pore fluid gradients at Site 1052). Four scenarios are used to calculate Mg/Ca for inorganic calcite: 18 O data of Sexton [2005] . Middle Eocene seawater Mg/Ca molar ratio taken from Wilkinson and Algeo [1989] . Black box indicates range of Mg/Ca values for frosty planktic foraminiferal calcite from ''typical pelagic'' drill site ODP 1052 (Figures 10f and 10h) (Figure 12 ).
[40] The combined range of planktic foraminiferal Mg/Ca values from the two frosty samples from Site 1052 (Figures 10f and 10h) is represented by the black box in Figure 12 . Figure 12 ). From these observations it would appear that the proportion of inorganic calcite incorporated within Site 1052 planktic foraminiferal tests must be minimal. However, this is inconsistent with SEM and d 18 O evidence for significant diagenetic alteration of Site 1052 planktic foraminiferal calcite.
[41] A second possible interpretation is that the laboratory-based D Mg values for inorganic calcite [e.g., Mucci, 1987] are valid and significant diagenetic alteration has occurred, but that diagenetic alteration occurred in a relatively ''closed'' system where dissolution of primary biogenic calcite (i.e., foraminifera, nannofossils) directly supplied a large proportion of the Mg 2+ and Ca 2+ cations that were subsequently re-incorporated back onto the foraminiferal test in inorganic form. Because biogenic calcite typically has a Mg/Ca ratio over three orders of magnitude lower than that of modern seawater, a foraminiferal test that is diagenetically altered in a relatively closed system would have a bulk Mg/Ca value that is much closer to the original Mg/Ca of the biogenic source material (notwithstanding the temperature gradient between the upper ocean and the seafloor that would cause a small decrease in values of inorganic (Mg/Ca) s ). This interpretation is based on the fact that the pore water (Mg/Ca) fl values from Site 1052 possibly over-estimate the specific (Mg/Ca) fl values at the micro-sites where diagenetic alteration occurs. Pore water samples represent an average value over a relatively large area (e.g., pore water data are derived from $135 cc sediment volume), but diagenetic alteration of foraminiferal calcite probably occurs within micro-systems in the pore spaces occupied by individual foraminifera. Release of Ca 2+ through dissolution of biogenic calcite (i.e., foraminifera, nannofossils) could thereby drive (Mg/Ca) fl in these specific microenvironments to values lower than those predicted by large volume pore water samples.
[42] Because inorganic (Mg/Ca) s calculated using the Baker et al. [1982] D Mg yields Mg/Ca values only slightly higher than those for measured frosty planktic foraminiferal Mg/Ca (black box, Figure 12 ), a third interpretation is that planktic foraminifera from Site 1052 incorporate a significant amount of inorganic calcite within their tests. This is compatible with SEM imaging and d
18 O evidence for significant diagenetic alteration of planktic foraminiferal calcite at Site 1052.
Conclusions
[43] Detailed SEM images presented here reveal that the nature of planktic foraminiferal diagenetic alteration appears to be micron-scale inorganic calcite overgrowths covering the surface, and growing on the interior walls, of the foraminiferal test. In addition, images of wall cross sections are suggestive of neomorphism and/or dissolution. These diagenetic features are extensive in foraminiferal tests from typical pelagic settings (which appear ''frosty'' when viewed under reflected light) and absent in tests from hemipelagic clay-rich settings (which appear ''glassy'' under reflected light). Our visual observations suggest that diagenetic alteration in the frosty foraminiferal assemblages examined here is pervasive, although our geochemical data are equivocal in this regard.
[44] Despite the influence of micron-scale diagenetic alteration significantly lowering d be generally preserved following diagenetic alteration. Frosty planktic foraminiferal calcite therefore remains valuable for generating relatively short (approximately 1 Myr) time series concerned with temporal trends and rates of change in paleoceanographic variables.
[45] A consistent discrepancy has been documented between the relative extents of d 18 O and Mg/Ca alteration in given species suffering from obvious diagenetic alteration, when compared to the same contemporaneous species exhibiting a glassy taphonomy. The relatively small influence of diagenetic alteration on foraminiferal test Mg/Ca suggests either that d
18 O and Mg/Ca respond differently to diagenetic alteration or that a much lower Mg 2+ partition coefficient (compared to laboratory-based estimates) is more appropriate for inorganic calcite precipitating in deep sea sedimentary sections (in accordance with the findings of Baker et al. [1982] ).
